The purpose of this study was to determine dimensions and curvatures of excised human lenses using the technique of shadowphotogrammetry. A modified optical comparator and digital camera were used to photograph magnified sagittal and coronal lens profiles. Equatorial diameter, anterior and posterior sagittal thickness, anterior and posterior curvatures, and shape factors were obtained from these images. The data were used to calculate lens volumes, which were compared with the lens weights. Measurements were made on 37 human lenses ranging in age from 20 to 99 years. These showed that lens dimensions and the anterior radius of curvature increase linearly throughout adult life while posterior curvature remains constant. The relative shape (or aspect ratio) of the posterior lens is unchanged through adult life since both equatorial diameter and posterior thickness increase at the same rate. The ratio of anterior thickness to posterior thickness is constant at 0.70. It is suggested that in vivo forces alter the apparent location of the lens equator, that the in vitro lens shape corresponds to the maximally accommodated shape in vivo and that the shapes of the accommodated and unaccommodated lens progressively converge toward each other due to lens growth with age, with a convergence point located near the age of total loss of accommodation (55-60 years). Together, these observations provide additional support for the Helmholtz theory of accommodation.
Introduction
Determination of primate lens dimensions and shape can provide valuable information on growth and ageing of the lens and on the development of presbyopia. Both in vivo and in vitro data are valuable in this regard since they provide different information. In vitro measurements provide information on lens growth and all dimensions, while in vivo measurements can reveal how the ocular environment moulds the lens in order to generate the required optical properties. Until recently, the in vivo measurements were limited to determination of lens thickness and curvatures near the optic axis.
Numerous previous studies have measured in vivo lens dimensions in humans using slit-lamp photography (Brown, 1974) , slit-lamp Scheimpflug photography (Brown, 1974; Cook, Koretz, Pfanhl, Hyun, & Kaufman, 1994; Dubbelman, van der Heijde, & Weeber, 2001 , 2005 Koretz, Kaufman, Neider, & Goeckner, 1989; Koretz, Cook, & Kaufman, 2001 , 2002 , ultrasonography (Alsbirk, 1977; Garner & Yap, 1996; Koretz et al., 1989) , and MRI (Strenk et al., 1999; Strenk, Strenk, Semmlow, & DeMarco, 2004) .
Fewer investigations have been made with isolated lenses. Data have been presented or reanalyzed by Smith (1883) , Scammon and Hesdorffer, 1937, Fisher (1969) , Howcroft and Parker (1977) , Weale (1982) , Pierscionek and Augusteyn (1991) , Wyatt and Fisher (1995) , Glasser and Campbell (1999) , and Schachar (2004 Schachar ( , 2005 . Some of the conclusions from in vitro measurements have been criticized because they differ from in vivo observations (Strenk, Strenk, & Koretz, 2005; Weale, 1999) . However, such criticisms are unwarranted, as long as potential limitations of the in vitro model are taken into account in the interpretation of the data, since different lens properties are being assessed. Notably, studies of parameters such as lens weight or mechanical properties can only be conducted in vitro. Measurements of the shape of the lens in vitro with no external forces applied are also useful for the development of biomechanical models, which often require information on the shape of modeled tissue at zero state of stress (Fung, 1994) . Since the in vitro lens is not subjected to any active external forces, its shape is expected to approximate the shape of the in vivo lens under maximum possible accommodation, corresponding to total zonular relaxation (Dubbelman, van der Heijde, & Weeber, 2005) . Studies on the lens shape in vitro and its changes with age could therefore by extension provide useful information related to accommodation and presbyopia.
In the present study, we have measured in vitro lens diameter, anterior and posterior thickness and curvatures with a method, known as shadowphotogrammetry, which has previously been used to assess corneal buttons and corneal strips (Borja et al., 2003; Denham, Holland, Mandelbaum, Pflugfelder, & Parel, 1989; Pflugfelder et al., 1992) . This method offers an advantage over other in vitro techniques in that it permits continuous assessment of lens shape parameters while the lens is being subjected to experimental manipulations. In addition, the technique is not affected by optical distortions or by magnification effects induced by the internal structure of the lens.
Data obtained with human lenses confirm previous in vitro measurements and provide some insight into the lens changes, which may be involved in presbyopia.
Materials and methods

Lens preparation
The lenses used in this study were from whole, intact human cadaver eyes donated by the Florida Lions Eye Bank. Age, sex, date of use, and postmortem time were recorded. The postmortem time varied from 1 to 5 days, during which time the whole eyes (globes) were stored at 2-6°C in sealed jars on a bed of gauze, moistened with saline. Using an operating microscope, ophthalmic surgeons removed the cornea and iris. The lens was then extracted by carefully cutting the zonules and adherent vitreous using Vannas scissors. Wire lens spoons (Segal Instruments, Bombay, India) were used to immediately place the lens on the ring holder in the testing cell, which was pre-filled with a balanced salt solution. The time from lens extraction to measurement was approximately 6 min. Lens capsule integrity was visually inspected using the optical comparator. Torn capsules usually appeared as surface irregularities or small flaps of tissue protruding from the capsule surface. If a capsule tear were visible or if cataractous changes were present, the lens was excluded from the study.
Shadowphotogrammetry
The method utilized a modified optical comparator (Topcon BP-30S, Tokyo, Japan), which projects a magnified shadow of an excised lens onto a viewing screen (Fig. 1A) . The profile, projected onto the comparator screen at 20· magnification, allows both photography and measurement of the test specimen. The system incorporates two light sources; one for retro-illumination and the other for sagittal illumination (Fig. 1B) . The sagittal-profile view serves as the basis for the lens dimension measurements. A detailed description of the apparatus can be found in earlier publications (Denham et al., 1989; Pflugfelder et al., 1992) .
A temperature regulated testing cell ( Fig. 1C ) was constructed from polymethyl methacrylate to house the extracted lenses during the experiments. The cell walls are optically clear, flat, and parallel and an acrylic cover is used to remove the meniscus when the cell is filled with fluid, to avoid distortion of the lens profiles. Six millimeter diameter ring holders, made from 0.4 mm stainless steel wire, were used to support the lens. One end of the stainless steel wire was bent 90°to permit fine adjustment of the lens tilt. All measurements were made at 23°C.
Images of the coronal (top) and sagittal (side) views of the lens were recorded with a 4.0 Mp Nikon Coolpix 4500 digital camera (Tokyo, Japan). This provided an image resolution of approximately 12 lm/pixel. Since the resolution depends on how much lens profile fills the image, optical zoom was used until the cameraÕs view was completely filled by the lens profile on the screen. A ruler was also photographed in the same image for scaling purposes, as were ball bearings of 9.525 mm diameter, to calibrate the instrument. Edge detection was accurate to one pixel (12 lm) and the measured diameters of the ball bearing were within 0.024 mm (<0.3%) of their specified dimensions. Typical coronal and sagittal views of a human lens are presented in Fig. 2. 
Image analysis
The images were analyzed with Photoshop 7.0 (Adobe, San Jose, CA). Lines were drawn along the sagittal thickness (T) and equator (D) of the lens image and their lengths were converted to lens dimensions, in mm, by scaling against the ruler included in the photograph and adjusting for the magnification (20·) of the comparator. Anterior (bA) and posterior (bP) sagittal distances were measured from the intersection of the two lines to the surface. The approximate lens volume was calculated using the volume equation for an oblate ellipsoid, assuming rotational symmetry about the minor (optical) axis; the anterior and posterior lens half-volumes treated as separate half-ellipsoids of revolution.
Curvature measurements
The shadowphotographs were preprocessed for curve fitting by manually blurring the areas around the anterior and posterior surface profiles using Photoshop 7.0. This removed artifacts in the images that interfered with detection of the edges using the Prewitt edge-detection program. Care was taken not to alter the lens surface directly since this could adversely affect the algorithmÕs detection ability. The color image was then converted to grey scale and noise was removed using pattern-filtering algorithms.
The remaining lens surface data were filtered using the Lowess smoothing algorithm and then fit with an augmented conic equation
where z is the height; x is the radial position along the meridian; z 0 is the vertical shift and x 0 is the horizontal shift, relative to the origin of the coordinate system; R is the radius of curvature; and p is the shape factor. Addition of the third degree term in x and f 3 improved the fit at the lens periphery. The edge-detection coordinates were used as the x and y values allowing us to solve for R, p, and f 3 . In the following, the values of the radius of curvature of the lens correspond to the value of R obtained from the curve fit with the conic equation (apex radius). Application of the procedure to shadowphotographs of the 9.525 mm diameter steel ball bearings yielded a radius of curvature within 0.6% of that expected.
Results
Lens dimensions and curvatures were examined, using shadowphotogrammetry, in 37 human lenses, aged from 20 to 99 years. Typical shadowphotographs are shown in Fig. 2 . The images are sharp and clear, making location of edges and measurement of dimensions straightforward and accurate. Equatorial diameters obtained from the sagittal and coronal views agreed to within 0.5%.
To determine whether the dimensions may be affected by the measurement conditions, e.g., gravity causing the lens to sag through the holder, several lenses were monitored for up to 5 h. During this time, the equatorial diameter decreased by an average of <0.2%/h while the thickness increased by about 0.5%/h. However, the calculated lens volume remained constant. Since photographs were taken within 6 min of placing the lens on the cell holder, any dimension changes during this time were considered negligible. irror was attached to the objective lens to allow for sagittal profile illumination. A prism was added in the optical system to compensate for height differences between the specimen and light source and to produce a horizontal light path. (C) The custom-made lens testing cell has an adjustable ring holder and heating elements to control the temperature of the testing solution. A lid is used to minimize evaporation and remove the meniscus from the cellÕs surface, which distorts coronal profile images. The lens ring holder is interchangeable, and several sizes are used depending upon the species of lens being tested. Fig. 2 . Shadowphotogrammatic images showing coronal profile, on the left, and sagittal profiles, on the right, for a 63-year-old human lens. The sagittal profile was used when measuring maximum lens thickness and diameter. Since the magnifications of the images are not the same, the ruler in the images is used to scale the images before measuring.
Curvatures were obtained from these images by fitting the conic equation to the digitized lens edges after filtering and smoothing to remove noise. Typical fits for the anterior and posterior surfaces of a 63-year-old human lens are presented in Fig. 3 . Virtually all of the anterior surface (corresponding to 8 mm of the equatorial diameter) was used for the fitting but only 3-3.5 mm was accessible on the posterior surface because of obstruction by the wire lens holder. Consequently, posterior curvatures obtained in the present study are limited to the region around the optic axis. Changes in curvature nearer the periphery could not be observed. The R 2 values for the conic fits ranged from 0.9527 to 1.0000.
Increases were observed in lens thickness and equatorial diameter over the entire age range studied (Fig. 4) . The increases appear to be linear at 0.0123 (R 2 = 0.48; p < 0.0001) and 0.0138 (R 2 = 0.57; p < 0.0001) mm/year, respectively. However, equally good fits could be obtained with a variety of other relationships. The ratio of diameter to thickness, the ellipticity constant (Pierscionek & Augusteyn, 1991) , appears to decrease with age from about 2.1 to 2 (Fig. 5) but the data are too scattered for the change to be statistically significant.
The weights of lenses examined in this study were found to increase linearly with age according to the relationship, Weight (mg) = 1.45 (±0.19) * Age (yr) + 164 (±12) (R 2 = .62; p < 0.0001; data not shown). The rate of increase is similar to that found in several previous studies (Glasser & Campbell, 1999; Harding, Rixon, & Marriott, 1977; Smith, 1883; Spencer, 1976) . Lens volumes were calculated from the measured dimensions, assuming an ellipsoid shape. Since the lens flattens towards the equator, this may overestimate the true volume by as much as 5%. The calculated volumes were compared with the wet weights. As can be seen in Fig. 6 , there is a reasonable, apparently linear relationship. The average lens density was calculated to be 1.096 ± 0.072, close to that expected for a tissue containing an average of 40% protein.
Both anterior (from the anterior apex to the equator, as shown in Fig. 3 ) and posterior (from the equator to the posterior apex) thickness increase (Fig. 4) and their ratio is constant at 0.70 ± 0.013 (Fig. 5) . The rate at which the posterior thickness increases (0.074 mm/yr) is very close to half the rate for the equatorial diameter (0.0138 mm/ yr), suggesting that posterior lens relative shape (aspect ratio) may be unchanged between the ages of 20 and 99. This conclusion was confirmed by measurement of the curvatures. Fig. 7 shows that the radius of curvature of the anterior surface (Ra) increases at 0.046 mm/yr from around 7 to 12 mm while the posterior radius of curvature (Rb) remains constant at À5.5 ± 0.9 mm, over the ages of 20-99 years. The range of values for the anterior radius of curvature is consistent with the average value of 10.5 mm reported by Schachar (2004) for 17-to 58-year-old lenses. However, the posterior radii are much lower than the 7.1 mm reported by this author. Shape factors were also determined in the present study. These appeared to be constant over the age range studied. For the anterior surface, pa = 0.17 ± 1.7 (range À6 to +6) and for the posterior surface, pb was À0.14 ± 1.5 (range À4.6 to +3.8). (data not shown). Similar averages and ranges for the shape factors have been described by Dubbelman et al. (2005) and Manns et al. (2004) . Although the values are somewhat variable, the averages are consistent with a shape for both surfaces in which the curvature flattens towards the periphery. This was also found by Brown (1974) .
Discussion
Consistent with the continued growth of the lens, all dimensions increase throughout adult life. Our measurements indicate that, in vitro, the lens equatorial diameter increases from around 8.8 mm at age 20 to 10.2 mm by age 99 while total sagittal thickness increases from around 4.2 mm at age 20 to 5.3 mm at age 99. Similar values have previously been described by Smith (1883) , Scammon and Hesdorffer (1937) , Fisher (1969) , Howcroft and Parker (1977) , Weale (1982) , Pierscionek and Augusteyn (1991) , Jones, Atchison, Meder, and Pope (2005) . However, significantly lower values for both dimensions were obtained in a comprehensive study of lens properties by Glasser and Campbell (1999) . Lower values for thickness were also observed by Schachar (2005) for 17-to 58-year-old lenses.
The calculated volumes of lenses used in our study (e.g., 253 ll for a 63-year-old lens of 261 mg) show good agreement with the wet weights of the lenses and agree closely with the volumes previously measured (Smith, 1883) or calculated (Pierscionek & Augusteyn, 1991; Scammon & Hesdorffer, 1937) for similarly aged lenses. By contrast, calculation of the volume for a 63-year-old lens from the data presented by Glasser and Campbell ($272 mg; equatorial diameter 7.68 mm; thickness 3.73 mm) yields a volume of 115 ll, less than half that expected. It would appear that all of the dimensions obtained by Glasser and Campbell are low, possibly because of difficulties in the calibration technique used.
We find that the ratio of equatorial diameter to total sagittal thickness decreases with age while the ratio of anterior to posterior sagittal thickness is constant at 0.70. The posterior thickness increases at the same rate (0.0072 mm/ yr) as the equatorial radius (0.0074 mm/yr) but the anterior sagittal growth rate (0.0048 mm/yr) is lower. Thus, the posterior relative shape and aspect ratio of the lens remains constant in vitro while the anterior surface becomes flatter (increased radius of curvature) with age.
It is of interest to consider why lens growth in the sagittal plane appears to be asymmetric, with the anterior thickness increasing more slowly than the posterior. New cells originate centrally, in the equatorial zone, before elongating uniformly into the anterior and posterior regions of the lens (Lovicu & McAvoy, 2005) . There is no difference in the number of cells in the anterior and posterior region. However, the anterior ends of fiber cells are narrower than the posterior ends (Kuszak, Peterson, & Brown, 1996; Kuszak, Zoltoski, & Sivertson, 2004) . Together with the observed lower anterior growth rate, this suggests that there may be some resistance to the penetration of new cells into the anterior region and/or a greater compression of cells in the anterior region as they pack into the nucleus. The MRI data of Jones et al. (2005) show that there is very little, if any, difference in the refractive index distributions of the anterior and posterior regions of the lens, indicating that there has been no difference in the amount of compression. Thus, one is led to the conclusion that cytoplasm flows from the anterior to the posterior segments of the fiber cells because of a higher resistance to the penetration of cells in the anterior. The anterior capsule, which is thicker (Ziebarth, Manns, Uhlhorn, Venkatraman, & Parel, 2005) and covered with epithelial cells, probably offers more resistance to stretching than the posterior capsule. Glasser and Campbell (1999) also found that the anterior/posterior thickness ratio was relatively constant, at 0.7, from age 20 to 96 but concluded that the ratio of equatorial to sagittal dimensions was best described with a second-order equation, with ratios varying from 1.4 to 2.4 and no age-related trend. However, their analysis included data from a 5-year-old lens which clearly did not fit well with the adult trends in radius and thickness, as well as several of the other parameters measured. At this early age, lens growth is still in a logarithmic mode, unlike the adult where it is linear (R.C. Augusteyn, in preparation). Omission of the 5-year-old point leaves data more consistent with the age-related decrease that we observed in the equatorial/ sagittal ratio. Indeed, many of Glasser and CampbellsÕ conclusions could alter substantially if the 5-year-old data were excluded.
Our measurements also show that, in vitro, the anterior radius of curvature increases over the entire age range studied but the posterior radius is unchanged. These observations are consistent with the different growth rates of the anterior and posterior thickness. An increase in the anterior radius of curvature was also found by Glasser and Campbell (1999) , Jones et al. (2005) , and earlier workers (summarized by Wyatt & Fisher, 1995) . The rate of increase (0.0680 mm/yr up to age 65), reported by Glasser and Campbell, is quite similar to that found in the present study. However, we did not detect any inflection around age 65 nor did we observe a subsequent decrease in anterior curvature, as reported by the previous authors. We were also unable to detect any decrease in the equatorial diameter after age 70, as described by Glasser and Campbell. It is unlikely this is due to the number of data points, since 12 lenses aged 65 and over were measured in the present study compared with 7 by Glasser and Campbell (1999) . The data of Howcroft and Parker (1977) seem to suggest that both anterior and posterior curvature increase until about age 60, after which they both decrease. However, these data were obtained with sections cut from cryofixed lenses. It is possible that the freezing and sectioning may have affected the curvatures. Further measurements are required to resolve these differences.
The dimensions, in vivo, will, of course, be different because of the forces exerted by components of the accommodative apparatus, notably the zonules and ciliary muscle, but perhaps, also the vitreous and iris. In the accommodated eye, dimensions would approach those of the in vitro lens since the zonular and ciliary muscle forces, acting on the lens, would be at their lowest. In the unaccommodated (relaxed) eye, it would be expected that the equatorial diameter would be greater and the thickness lower.
Consistent with these expectations, sagittal thickness has been reported to increase with age, ranging from 4 to 4.5 mm in the accommodated eye (Strenk et al., 1999) , higher than the 3.5-4.4 mm found in the unaccommodated eye (Koretz et al., 1989; Strenk et al., 1999) . The age-related increase has been attributed to an increase in the anterior sagittal thickness (Cook et al., 1994; Koretz et al., 2001; Strenk et al., 2004) leading to the conclusion that ''lens growth appears to primarily involve the anterior portion of the lens'' (Strenk et al., 2005) . This conclusion cannot be sustained. In vitro measurements clearly indicate that growth involves both anterior and posterior segments of the lens (from equator to periphery), with more in the posterior. What the in vivo measurements may be showing is that the position of the lens equator shifts towards the posterior. This would be consistent with the large anterior zonular shift described by Farnsworth and Shyne (1979) and the report that the lens center moves towards the anterior (Koretz et al., 2001) . One must be careful about attributing in vivo dimension changes to lens growth. They may be due to a combination of intraocular factors, including ciliary muscle and zonular tension and possibly even the proximity of the iris and vitreous. Strenk et al. (1999) conclude from their MRI measurements that the in vivo equatorial diameter does not correlate with age and varies around 9 mm in both the accommodated and unaccommodated eye. However, close examination of their accommodated eye data suggests there is an increase from 8 to 9 mm between 20 and 62 years, with a linear trend (0.015 mm/year) similar to the results of the present study. This increase is masked by the data from one eye (83-year-old).
Calculation of lens volumes using the data of Strenk et al. (1999) yields values ranging from 130 to 200ll for 20-62 year old lenses. These are substantially ($30%) below the volumes calculated for in vitro lenses in the present and previous studies (Scammon & Hesdorffer, 1937; Pierscionek & Augusteyn, 1991) . Similar calculations by Koretz et al. (2001) from Scheimpflug images, yielded more reasonable volumes of 203-260 ll for the same age range. These observations suggest that the MRI measurements may be underestimating the dimensions of the lens by about 10%.
Both Scheimpflug and MRI measurements (Brown, 1974; Dubbelman et al., , 2005 Koretz et al., 2001; Koretz, Strenk, Strenk, & Semmlow, 2004) indicate that, in vivo, the anterior radius of curvature of the human lens with resting accommodation decreases with increasing age, from 18 to 50 years. In vitro, the anterior radius of curvature increases with age (this work, Glasser & Campbell, 1999; Jones et al., 2005) . Since these results are obtained in different states of accommodation and lens shape (relaxed in vivo and maximally accommodated in vitro), there is no reason to expect that the age dependence is necessarily the same. In fact, from their measurements of changes in lens shape as a function of accommodation amplitude, Dubbelman et al. (2005) infer that the in vivo anterior lens radius of curvature at maximum accommodation should increase with age, with values that are consistent with our in vitro findings.
There is no consensus regarding the effects of age on the in vivo shape of the posterior surface. Some reports indicate that the in vivo posterior radius of curvature decreases with age (Brown, 1974; Koretz, Handelman, & Brown, 1984; Koretz et al., 2001 ). More recently, it has been suggested that it does not change or changes very little (Koretz et al., 2004; Strenk et al., 2005) or slightly increases (Dubbelman et al., 2005; Manns et al., 2004) . We found no obvious change in vitro but this could be a function of the limited posterior surface available for curve fitting.
Clearly, in vivo forces modify the shape of the lens. However, our findings confirm that the shape (thickness, equatorial diameter, and radii of curvature) of the in vitro lens in our experimental condition, and its age dependence, closely approximate the shape of the in vivo lens under maximal accommodation. This agrees with the predictions by Dubbelman et al. (2005) but contradicts the conclusion of Schachar (2004) that the postmortem lens is unaccommodated. If we extrapolate our findings, and assume that our in vitro measurements indeed are a good approximation for the shape of the in vivo lens under maximal accommodation, then one would expect the maximally accommodated in vivo lens to flatten with age. The progressive flattening of the anterior surface of the in vitro lens under maximal accommodation with age together with the progressive steepening of the anterior surface of the unaccommodated in vivo lens (Dubbelman et al., 2005; Koretz et al., 2001 Koretz et al., , 2004 , thus implies that lens growth, with age, could significantly reduce the possible change in lens shape during accommodation, independent of age-related change in lens mechanical properties. Alone, these changes in unaccommodated and accommodated lens shape could be significant factors in presbyopia.
Comparison of our data for the anterior radius of the in vitro lens(maximally accommodated), with those for the unaccommodated in vivo lens (Dubbelman et al., 2005) , reveals that the maximum change in the anterior radius of curvature during accommodation can be approximated by the equation, DRa = 5.7 À 0.1 * Age. This suggests that the accommodated and nonaccommodated lens shapes converge, on average, around age 57. A similar conclusion can be reached by comparing the in vivo accommodated and unaccommodated lens dimensions measured by Strenk et al. (1999) using MRI. The changes in thickness and diameter on accommodation (ignoring the outlier at 83 years), decrease with increasing age, both reaching 0 around age 60. Thus, it would appear that there is no change in lens shape with accommodative effort after age 55-60. This is in good agreement with the age range where total loss of accommodation occurs in vivo (Duane, 1912) . The close agreement between in vitro and in vivo data indicates that this is not due to changes in the forces exerted by the ciliary muscle. Together, these observations provide additional support for the Helmholtz theory of accommodation.
